The occurrence of denitrification and nitrate respiration among eukaryotes has been established during the last few decades. However, denitrification-related eukaryotic genes have been isolated from only a few fungi, and eukaryotic denitrification (or nitrate respiration) is still inadequately understood. In this study, we identified genes that were up-regulated under denitrifying conditions in the fungus Cylindrocarpon tonkinense using the suppression subtraction hybridization technique, and the expression patterns of these genes were characterized by Northern analysis. We identified copper-containing nitrite reductase, cytochrome P450 nitric oxide reductase, flavohemoglobin (Fhb), and formate/nitrite transporter homolog genes as possibly involved in fungal denitrification. Our results concerning the involvement of Fhb and formate/nitrite transporter perhaps provide new insight into the fungal denitrification system.
The occurrence of denitrification and nitrate respiration among eukaryotes has been established during the last few decades. However, denitrification-related eukaryotic genes have been isolated from only a few fungi, and eukaryotic denitrification (or nitrate respiration) is still inadequately understood. In this study, we identified genes that were up-regulated under denitrifying conditions in the fungus Cylindrocarpon tonkinense using the suppression subtraction hybridization technique, and the expression patterns of these genes were characterized by Northern analysis. We identified copper-containing nitrite reductase, cytochrome P450 nitric oxide reductase, flavohemoglobin (Fhb), and formate/nitrite transporter homolog genes as possibly involved in fungal denitrification. Our results concerning the involvement of Fhb and formate/nitrite transporter perhaps provide new insight into the fungal denitrification system. Key words: fungal denitrification; copper-containing nitrite reductase; flavohemoglobin; cytochrome P450 nitric oxide reductase; suppression subtraction hybridization Denitrification is a process in which nitrate (NO 3 À ) or nitrite (NO 2 À ) is reduced to a gaseous form of nitrogen, generally dinitrogen (N 2 ) or nitrous oxide (N 2 O). It plays an important role in the global nitrogen cycle. 1) Many studies have contributed to the understanding of denitrification by bacteria, and have revealed that denitrification is essential for the homeostasis of the global environment and has physiological significance for bacteria as participants in anaerobic respiration. 1) Denitrification was originally thought to be a characteristic of bacteria, but its occurrence among eukaryotes has been established during the last few decades. 1) Dissimilatory nitrate reduction was first found in anaerobic protozoa, in which it is associated with the mitochondrial fraction.
2) In these organisms, however, the mitochondrial fraction mediates a single-step reduction of NO 3 À to NO 2 À , and therefore does not result in denitrification. Distinct denitrifying activity was first found in the fungus Fusarium oxysporum, which forms N 2 O from NO 3 À or NO 2 À .
3) It was later found that many other fungi possess similar activity. 4) To the best of our knowledge, denitrifying fungi do not contain N 2 O reductase and thus emit N 2 O as the final product of denitrification, whereas N 2 is formed by codenitrification, a unique reaction that combines two nitrogen atoms from NO 2 À and other nitrogen compounds and sometimes accompanies fungal denitrification. 5) Recently, denitrifying activity has been also found in a protozoan that forms N 2 from NO 3 À .
6)
The eukaryotic denitrifying system has been extensively examined in fungi, in particular F. oxysporum and Cylindrocarpon tonkinense. It was found that the fungal denitrification system is localized in the mitochondria and couples with the mitochondrial electron transport chain to produce ATP. 7, 8) Therefore, fungal denitrification functions as an anaerobic respiration system similar to the bacterial denitrification system. The denitrification system of F. oxysporum consists of three reducing steps catalyzed by dissimilatory NO 3 À reductase (dNaR), dissimilatory NO 2 À reductase (dNiR), and nitric oxide (NO) reductase (NoR) respectively. 7, 9) Mitochondrial dNaR activity reduces NO 3 À to NO 2 À using physiological respiration substrates such as malate plus pyruvate, succinate, or formate as electron donor, and is coupled to ATP production. 7, 10) Cell-free dNaR activity was solubilized from the mitochondrial membrane fraction, and partially purified dNaR activity showed significant resemblance to its bacterial counterpart, NarGHI. 7, 10) A copper-containing dNiR was also purified from F. oxysporum, which showed close resemblance to its bacterial counterpart, NirK.
11) By contrast, fungal NoR was found to be of the cytochrome P450 (P450) type (P450nor), which is distinct from the cytochrome bc type NoR of bacteria. 9, 12) The proteins and corresponding genes (CYP55) of P450nor have been isolated from several fungi. 13) P450nor has attracted much attention because of its exceptionally interesting features. It performs an unprecedented type of electron transfer, direct electron transfer from NAD(P)H to the heme of P450nor. 14) Its function (NO reduction) is also exceptional among the members of the P450 superfamily. 9) The results obtained to date indicate that at least a portion of the fungal denitrifying system resembles its bacterial counterpart.
The mitochondrial denitrifying system has also been found in another fungus, C. tonkinense. 15, 16) The mitochondrial dNiR activity in this fungus depends on physiological respiration substrates, is coupled with ATP production, and is strongly inhibited by respiration inhibitors such as rotenone, thenoyltrifluoroacetone, and antimycin A. 7) dNiR has also been partially purified, and the results indicate that fungal dNiR is also of the NirK type.
17) The denitrifying system of C. tonkinense appears to lack dNaR, and thus it cannot usually employ NO 3 À as the denitrifying substrate. However, under certain conditions (the addition of a fermentable sugar as carbon source and the ammonium ions as nitrogen source), it can denitrify NO 3 À , possibly by utilizing assimilatory nitrate reductase. 16) Recent genome analyses have revealed the presence of NirK gene homologs in many eukaryotes (fungi, protozoa, and algae). We recently found that the eukaryotic denitrifying system appears to originate in the protomitochondrion, based on phylogenetic analysis of eukaryotic NirK homologs together with the NirK of F. oxysporum.
18) Therefore, it is of particular interest to establish whether C. tonkinense also contains the NirK gene (nirK), and which genes are involved in denitrification by C. tonkinense. In this study, we employed the suppression subtraction hybridization (SSH) technique to isolate the genes involved in denitrification by C. tonkinense, and their specific expression under denitrifying conditions was confirmed by Northern analysis.
Materials and Methods
Organism, media, and culture conditions. C. tonkinense NBRC30561 was used throughout this study. The preculture was prepared in a 500-ml Erlenmeyer flask containing 100 ml of nondenitrifying medium (glycerol-peptone (GP) medium) and incubated at 30 C for 3 d on a rotary shaker at 150 rpm. The GP medium consisted of 30 g of glycerol, 2 g of peptone, 1.36 g of KH 2 PO 4 , 0.20 g of MgSO 4 . 7H 2 O, and 1 ml of trace element per liter (pH 7.5).
11) The subsequent denitrifying or non-denitrifying culture was prepared by transferring a portion (30 ml) of the preculture into 120 ml of fresh medium, and this was further incubated at 30 C for the indicated times at 150 rpm in a 500-ml Erlenmeyer flask sealed with a rubber stopper. The air in the headspace was not replaced with an inert gas (initially aerobic conditions), which is appropriate for fungal denitrification. 3) Denitrifying cells were prepared by culturing them in GP medium supplemented with 20 mM NaNO 2 (GP-nitrite medium). Non-denitrifying cells were grown in the absence of NaNO 2 .
RNA preparation. Fungal cells were harvested by filtration through Miracloth (Calbiochem, San Diego, CA), and then disrupted in liquid nitrogen using a mortar and pestle. Total RNA was prepared using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions. Poly(A) þ RNA was isolated from the mycelia using the FastTrack 2.0 mRNA isolation kit (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. The concentration of RNA was determined with a V-550 spectrophotometer (Jasco, Tokyo).
Suppression subtraction hybridization. SSH 19) was performed between mRNA (2 mg) extracted from mycelia grown under denitrifying and non-denitrifying conditions for 24 h. All SSH steps were performed using the PCR-Select cDNA Subtraction Kit (BD Biosciences-Clontech, Palo Alto, CA). SSH-generated libraries typically contain background clones representing non-differentially expressed transcripts. To overcome this problem, we used the mirror orientation selection (MOS) method. 20, 21) The PCR-amplified cDNA fragments generated by MOS were then ligated into plasmid pT7blue-2 (Novagen, San Diego, CA). The plasmids were transformed into competent cells of Escherichia coli and grown on LB-agar medium under X-gal and ampicillin selection. Individual white colonies that showed the presence of inserted DNA (by -galactosidase expression) were chosen randomly and further analyzed.
Differential screening of a subtracted cDNA library by array dot-blot. Construction of subtracted cDNA library clones and differential screening were performed as previously reported. 18 ) Sequencing of differentially expressed clones was performed with M13 forward and reverse primers using the CEQÔ2000XL DNA analysis system (Beckman Coulter, Fullerton, CA).
Expression profile analysis by Northern blot. To exclude false clones and to obtain quantitative expression levels, clones obtained by the SSH technique were subjected to Northern blot analysis. Total RNA (5 mg) was separated by electrophoresis on a denaturing 1% agarose gel, followed by blotting onto a Hybond N þ membrane (GE Healthcare, Little Chalfont, UK). The membrane was baked at 70 C for 2 h and stored at À20 C until use. Digoxigenin-(DIG) labeled probes were generated by PCR using the respective cloned fragments as template and gene-specific primers (Table 1 ). Hybridization and detection were performed as previously reported.
18)

Results
Differential screening analysis First we confirmed that C. tonkinense could form N 2 O gas from NO 2 À in GP-nitrite medium, as previously reported. 15) Then we examined up-regulated genes under denitrifying conditions induced by NO 2 À using the SSH technique. The duplicate membranes were then hybridized with either forward-or reverse-subtracted DIG-labeled probes for identical blots. The reversesubtracted cDNA probe was a negative control, because this population was theoretically enriched for genes expressed only under non-denitrifying (NO 2 À -limited GP medium) culture conditions (driver cDNA population). The results of cDNA array dot-blot screenings are presented in Fig. 1 . Differences in hybridization signal intensities were apparent on membranes probed with the forward-subtracted probe (Fig. 1A) as compared with those probed with the reverse-subtracted probe (Fig. 1B) , which indicated the success of the SSH procedure in identifying sequences differentially expressed between the two populations under examination.
Sequence analysis of differentially expressed clones
Differentially expressed clones were selected for sequence analysis based on the results from the dotblot screens. The cDNA inserts from the selected clones were partially sequenced, and the sequences were used to search the National Center for Biotechnology Information non-redundant database using the BlastX 22) Under NO 2 À -induced conditions, the cDNA inserts of 102 clones were partially sequenced, and 101 clones (99%) had at least one significant (E-value, <10e À 7) hit in the database and comprised seven distinct mRNA species (Table 2) . Among these, 48 clones (A10 and A3) were derived from the P450nor1 gene (nitric oxide reductase; GenBank accession no. D78511) of C. tonkinense, and 29 (A17 (GenBank accession no. GU247811) and N12 (GenBank accession no. GU247810)) displayed similarity to NirK of F. oxysporum (GenBank accession no. EF600898). Among the other clones isolated, I5 (GenBank accession no. GU247812) and G18 (GenBank accession no. GU247813) were homologs for formate/nitrite transporter, and I11 was a homolog for acetylcholinesterase. The remaining clone, N16, did not match any known sequence in the public databases.
Confirmation of differential expression (Northern analysis)
In order to exclude false positive clones and obtain quantitative expression levels, the putative differentially expressed clones were analyzed by Northern blot. After examination of the array dot-blots, several clones that had a clearly strong hybridization signal on membranes probed with the forward-subtracted population were selected. Under NO 2 À -induced conditions, the Northern blot result (Fig. 2) indicated that all the selected genes were expressed in GP-nitrite medium, in contrast to little or no expression in GP medium. Expression of Fhb (GenBank accession no. FJ874761) and P450nor1 was maximally induced at the 12-h growth stage, and then decreased. Expression of NirK and formate/nitrite transporter was induced as early as the 12-h growth stage, maximally induced from 24 to 48 h, and then decreased starting at 72 h.
Discussion
We were able to isolate several genes as candidates for those involved in denitrification by C. tonkinense. Isolation of NirK homolog and P450nor1 genes was expected. The high redundancies of the clones (29 and 48 out of 101 clones for those derived from the NirK homolog and P450nor1 genes) suggest that they are highly expressed under NO 2 À -denitrifying conditions. In Northern analysis, the NirK homolog and P450nor1 genes are significantly expressed under denitrifying culture conditions (GP-nitrite medium). In particular, these genes are expressed strongly at the 12-h growth stage, when denitrification is initiated, as previously reported. 15 ) Therefore, initiation of denitrification is accompanied by synchronous expression of these genes, confirming idea that these gene products do function in the fungal denitrification process. These results are consistent with our previous isolation of NirK protein (partial purification) from C. tonkinense, 17) as well as our current proposal that the fungal denitrifying system containing NirK originates in the protomitochondrion. 18) C. tonkinense contains another P450nor isozyme, P450nor2. 23) In contrast to the electron donor specificity of P450nor1 and P450nor of F. oxysporum, which are specific to NADH, P450nor2 prefers NADPH over NADH. 24) We have suggested that P450nor2 is specifically expressed when a fermentable sugar is employed as the carbon source, which is utilized for the pentose phosphate shunt. 24) Therefore, it is reasonable that the P450nor2 gene was not isolated in the present SSH experiment, in which such differential conditions (a fermentable sugar versus a non-fermentable sugar) were not used.
Fhb is widely distributed among eukaryotic and prokaryotic microorganisms. In higher classes of microorganisms (fungi and actinomycetes), two or three copies of Fhb homolog genes are generally found. [25] [26] [27] This suggests that some physiological function of Fhb is universally significant for microorganisms. Protection against NO stress is the only known physiological function of Fhb. This is confirmed by its NO dioxygenase activity, whereby NO 3 À is formed by adding O 2 and one electron to NO. 26, 28, 29) Recently we cloned and characterized Fhb isozymes from the fungus Aspergillus oryzae, and found differences in their intracellular localizations and the NO dioxygenase activity of the recombinant proteins.
27)
The present results (Fig. 2) indicate an intimate relationship of the Fhb homolog and fungal denitrification. In the case of F. oxysporum, Fhb is expressed under aerobic, non-denitrifying conditions. 18) Its expression, however, is repressed when the aerating conditions change to hypoxic, while the expression of Fhb increases even under hypoxic conditions when NO 2 À is added (denitrifying conditions). Eventually, Fhb is only or more strongly expressed under denitrifying conditions in the two fungal species. Furthermore, fungal denitrification prefers hypoxic (or micro-aerobic) conditions rather than more anaerobic conditions. 30) Under the preferred conditions for fungal denitrification, the NO dioxygenase activity of Fhb proceeds because O 2 is available.
We conclude that Fhb is involved in fungal denitrification, a process in which Fhb functions not only to detoxify NO but also to recycle denitrification substrates by returning NO to NO 3 À . Like P450nor, Fhb can also work as an electron sink under hypoxic conditions.
It is intriguing that many clones containing the formate/nitrite transporter gene were obtained ( Table 2 ), and that this gene was strongly expressed under denitrifying culture conditions (Fig. 2) . Using the same method, we previously isolated NAD-dependent formate dehydrogenase (Fdh) from F. oxysporum.
18)
Therefore, a formate-related protein or enzyme is specifically induced under denitrifying conditions in both C. tonkinense and F. oxysporum. This is not a coincidence. We previously found that formate functioned as a physiological electron donor in the mitochondrial dNaR system of F. oxysporum, and detected ubiquinone-dependent Fdh activity in the mitochondrial fraction. 10) In anaerobic glucose fermentation by bacteria, formate is formed by the action of pyruvate formate-lyase (Pfl), which degrades pyruvate to formate and acetyl CoA. It is well established that in E. coli, Pfl provides formate to the dNaR-Fdh couple as an electron donor, and that this is essential for nitrate respiration of the bacterium. 31) Similarly, in a previous study we detected Pfl activity in resting cells of F. oxysporum grown under denitrifying conditions, and we suggested that the Fdh-dNaR couple, like that in E. coli, is involved in the mitochondrial denitrification system of the fungus.
32) The present results confirm that the Pfl pathway functions under denitrifying conditions in these fungi. Unlike F. oxysporum, however, C. tonkinense does not appear to contain dNaR, and therefore excrete formate through the formate/nitrite transporter without utilizing it further.
Reports on eukaryotic Pfl are still limited. It is intriguing, however, that Pfl is localized to the hydrogenosomes of anaerobic, amitochondriate fungi. 33) It is possible that it is also involved in anaerobic energy metabolism in some eukaryotes. The involvement of Pfl in denitrification by F. oxysporum and C. tonkinense should be investigated further.
